Single-walled carbon nanotubes are synthesized by chemical vapor deposition of methane at controlled locations on a substrate using patterned catalytic islands. The combined synthesis and microfabrication technique presented here allows a large number of ohmically contacted nanotube devices with controllable length to be placed on a single substrate. Transport studies demonstrate ohmic contacting, giving two-terminal resistances as low as 20 k⍀ at low temperatures. © 1999 American Institute of Physics. ͓S0003-6951͑99͒01331-5͔
A strong interest in the electrical properties of carbon nanotubes derives both from their unique status as an atomically well-defined one-dimensional system, allowing experimental studies of band structure, 1-7 electron-electron interactions, 8 electron-lattice coupling 9, 10 and electron localization, 10, 11 as well as from their potential as the basis of nanometer-scale electronic devices. For instance, metallicsemiconducting junctions within single-walled nanotubes ͑SWNTs͒ may lead to transistors and Schottky rectifiers within a single molecule. 12, 13 While there has been considerable progress in understanding the electrical properties of nanotubes, as well as exploring their possible applications, [14] [15] [16] what has been lacking is an efficient strategy for integrating nanotubes into electronic structures. In particular, it would be desirable from both a scientific and technological point of view to control not only the diameter and chirality of a SWNT, but also its length, position, and orientation. It is equally desirable to develop a means of making robust, low-resistance electrical contact between nanotubes and metallic electrodes. These goals pose challenges to nanotube synthesis, processing and assembly strategies.
Recently, we developed a chemical vapor deposition ͑CVD͒ method to synthesize high quality SWNTs on catalytically patterned surfaces. 17 This technique readily yields large numbers of SWNTs at specified locations, and allows some of the goals described above to be addressed. In this letter, we combine this synthesis method with microfabrication techniques to obtain many nanotube-based electrical circuits on a single substrate with controllable positions and length ͑ranging from 300 nm to 10 m͒, and to connect the tube to macroscopic electrodes. We find that the contacts formed in this way often have very low resistance, of order of the quantum of resistance ͑tens of kilohms͒ even at low temperatures.
The fabrication process involves three steps of electron beam lithography ͑EBL͒ using polymethylmethacrylate ͑PMMA͒ as the resist. Si wafers with 1 m thick thermally grown SiO 2 were used as substrates. In the first step, Ti/Au ͑10 nm/60 nm͒ alignment marks are patterned by EBL and liftoff ͓Fig. 1͑a͔͒. In the second step, 12 groups of patterns, each consisting 5 pairs of regularly spaced 5 mϫ5 m squares, are defined in PMMA ͓Fig. 1͑b͔͒ by EBL. After development, a few drops of the suspended catalyst material is placed on the surface of the substrate, filling the exposed PMMA ''petri-dishes.'' After the solvent dries, the remaining PMMA is removed, leaving patterned catalyst islands ͓Fig. 1͑c͔͒. Nanotubes are then synthesized by methane in 15 ml of methanol. The catalyst is stirred for 24 h and sonicated for 1 h before being deposited on the patterned PMMA ͓Fig. 1͑c͔͒. CVD synthesis is carried out for 10 min at 900°C in a 1 in. diameter tube furnace using a methane flow rate of 5000 cm 3 /min. Under these conditions, nanotubes grown from the catalyst islands are predominantly individual SWNTs with few structural defects; 17,18 a small quantity of SWNT ropes (diameterϾ5 nm) is also present.
Scanning electron microscope ͑SEM͒ and atomic force microscope ͑AFM͒ micrographs of SWNTs growing from catalyst islands are shown in Figs. 2͑a͒ and 2͑b͒. SWNT bridging two islands ͓Figs. 2͑b͒ and 2͑d͔͒ are frequently observed. 17 A nanotube bridge forms when a tube growing from one catalyst island falls on and interacts with another island during CVD synthesis. 17 The interaction between tube island and tube substrate is mechanically strong, 17 allowing the nanotube to withstand mechanical forces in subsequent lithographic processing.
By setting the separation between the catalytic islands, we are able to control the length of nanotubes used for transport measurements. The lengths of the individual SWNTs that we have measured were in the range of 0.3-10 m. Figure 2͑d͒ shows a SWNT connecting two metal pads. When the pads are closely spaced ͑Ͻ1 m͒, multiple tubes tend to bridge the gap. Using an AFM tip, we are able to cut nanotubes mechanically or electrically until a single tube remained. 19 Circuits formed by nanotube bridges between islands and metal electrodes are first characterized at room temperature by measuring electrical resistance ͑with a 10 mV voltage bias͒ using a probe station ͑Signatone, model S-1160͒. Resistances ranging from 20 k⍀ to several M⍀ are normally observed. We find that the lower resistance tubes tend to remain good conductors at low temperatures. After this initial probing, an AFM is used to image the circuits of interest. We have concentrated our transport measurements on individual SWNTs with diameters in the range of 1.0-1.6 nm based on AFM data. Figures 3͑a͒ and 3͑b͒ show transport results for a semiconducting SWNT and a metallic SWNT, both ϳ5 and 3 m long. The I -V curves for the semiconducting SWNT ͓Fig. 3͑a͔͒ were taken at room temperature at various side-gate voltages. The side-gate electrode in this case was one of the metal pads adjacent to the nanotube circuit being measured, about 4 m away. At zero gate voltage (V g ϭ0), the sourcedrain current (I sd ) of the semiconducting tube depended linearly on the source-drain voltage bias (V sd ). However, a strong nonlinearity developed when the gate electrode was biased to a positive voltage with respect to the tube. Increasing V g resulted in a complete suppression of the linear conductance ͑5 to 6 order of magnitude suppression at V g ϭϩ3 V͒. Negative gate voltages slightly increased the conductance of the semiconducting nanotube, saturating at V g ϳϪ2 V. These results are consistent with field-effecttransistor behavior of semiconducting nanotubes reported by Tans et al. 16 and Martel et al.
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The low-temperature ͑4.2 K͒ I -V curves for the semiconducting tube at V g ϭ0 ͓Fig. 3͑a͒, inset͔ clearly shows the presence of a gap of ϳ0.8 eV. This indicates that the Fermi level at this temperature is located between the valence and the conduction band, instead of being pinned to the valence band edge as was proposed in Ref. 16 . A small asymmetry in the low-temperature I -V curve is presumably due to differ- ences in electrical contact resistance between the SWNT and the two metal electrodes. Figure 3͑b͒ shows regularly spaced Coulomb blockade oscillations as a function of V g , observed at 4.2 K in a tube with relatively high resistance, roughly 1 M⍀ ͑as measured at high bias͒. These data for the high-resistance tubes are similar to what has been seen in previous experiments. 14, 15 These data were obtained using ac voltage bias of 200 V and a range of V g from Ϫ1.7 to 1.7 V. Often, however, the two-terminal resistance of the SWNT circuit is much lower, as low as 20 k⍀, and does not show Coulomb blockade oscillations as a function of V g down to 1.7 K.
The I -V curve of an individual SWNT with low twoterminal resistance at 4.2 K is shown in Fig. 4 . This I -V curve is essentially linear with differential resistance showing a very slight increase at zero bias. The upper inset of Fig.  4 shows the temperature dependence of the linear conductance. Conductance depends only weakly on temperature, showing a downward turn Tϳ50 K. This weak temperature dependence is generally regarded as the signature of a metallic SWNT. 10 We did not observe Coulomb blockade oscillations with this nanotube at the lowest temperature reached in our experiment ͑1.7 K͒. Assuming that transport in the SWNT is ballistic then the measured ϳ20 k⍀ two-terminal resistance is due to contact resistances ͑i.e., ϳ10 k⍀ per contact͒. The fact that this contact resistance is below h/e 2 is consistent with the absence of Coulomb blockade.
The synthesis and fabrication process reported here allows large numbers of integrated nanotube circuits to be built reliably. It also provides contact resistances roughly 100 times lower than can be obtained by placing contacts either on top of or below randomly located tubes, which previously was the state of the art. 14, 15 Important problems that remain to be addressed include understanding the precise nature of the interfaces between nanotube metal or nanotube-catalyst metal and their relations to the low resistance ohmic contact, and a means of controlling the chirality of the nanotube. 
